There is evidence that access to green spaces have positive effects on health, possibly through beneficial effects on exercise, air quality, urban heat islands, and stress. Few previous studies have examined the associations between green space and mortality, and they have given inconsistent results. This ecological study relates green space to mortality in Hong Kong from 2006 to 2011. The Normalized Difference Vegetation Index (NDVI), a measure of green space coverage, was measured for 199 small geographic areas in Hong Kong. Negative Binomial Regression Models were fit for mortality outcomes with NDVI, age, gender, population density, and area-level socio-economic variables as predictors, with Generalized Estimating Equations used to control for within-cluster correlation. An interquartile range (0.44 units) higher NDVI was significantly associated with lower cardiovascular (relative risk (RR) = 0.88, 95% confidence interval (CI) = 0.80, 0.98) and diabetes (RR = 0.72, 95% CI = 0.60, 0.92) mortality, and non-significantly associated with lower chronic respiratory mortality (RR = 0.90, 95% CI = 0.79, 1.02). Associations were stronger for males and low-income area residents. Lung cancer mortality had no significant association with green space. Better provision of urban green space, particularly in low-income areas, appears to have potential to reduce mortality in densely-populated Asian cities.
Introduction
Green space is defined as areas of grass, trees, or other vegetation set apart for recreational or aesthetic purposes [1] , and examples of green space include national parks, forests, recreation areas, community gardens, green belts, and city parks. Hong Kong is a very densely populated city with over seven million people and limited land availability. There has been policy debate in Hong Kong as to whether the government should prioritize protecting green spaces or developing more built structures [2] .
Green space not only enhances the beauty of the landscape but also has important significance for public health, and some studies have found evidence that green space improves people's health [3, 4] , with potential benefits including stress reduction [5] , improving mental health [6] , preventing overweightness and obesity [7] , promoting a healthy duration of sleep [8] , lowering neonatal [9] and stroke mortality [10] , absorbing air pollution [11] , and providing space for individuals to participate in the physical activities. Having more green spaces has been found to be associated with a higher likelihood of walking maintenance [12] , which has been shown to have a positive influence on citizens' longevity in a densely populated city [13] and is associated with a lower odds of having any form of impaired glucose regulation [14] .
The few studies examining associations between area-level green space and mortality have given inconsistent results. There are many factors that could influence these results and explain the inconsistencies between studies including differences in local climate, nature, accessibility of green space, and individual characteristics of the populations, such as socioeconomic status and personal habits. Two studies from the United Kingdom found that living in areas with more green space was associated with health and lower mortality for all cause [4] , circulatory [4, 15] , and respiratory mortality [15] , but not lung cancer mortality [15] , while a similar study from New Zealand found no association between green space and mortality from cardiovascular disease or lung cancer [16] . A study including several cities in Ontario, Canada [17] , found that an increase of one interquartile range (IQR) in Normalized Difference Vegetation Index (NDVI) was associated with a 5% reduction in non-accidental mortality, with significant reductions being observed for several specific cardiopulmonary causes of death as well. A study examining associations between city level greenness and standardized mortality for 49 of the largest cities in the U.S. found that city-level greenness was weakly, but positively and significantly, associated with higher all-cause mortality, but not significantly associated with mortality from heart disease, diabetes, or lung cancer [18] . A cohort study of Japanese elderly found that self-reported nearby walkable green space was associated with a significantly 13% higher odds of 5-year survival after adjustment for age, gender, living arrangements and living expenses [13] . A study of stroke mortality in Northwest Florida found that higher risk of stroke mortality was associated with lower exposure to greenspace [10] . A recent systematic review [19] on residential green space and mortality found that the majority of studies reported that green space was associated with reductions in cardiovascular mortality, but that evidence for reductions in overall mortality was more limited.
Studies on associations between green space and mortality have not been done in densely populated Asian cities. Although Hong Kong is a high-income country, it also has a very high level of income inequality [20] , and is one of the most densely populated places in the world [21] . In this Hong Kong-based ecological study, we examined the association between area-level green space, population density, and several socioeconomic indicators, with all non-accidental causes of mortality and cause-specific mortality from cardiovascular diseases, chronic respiratory diseases, diabetes, and lung cancer.
Materials and Methods
In Hong Kong, the Tertiary Planning Unit (TPU) is the smallest geographic area for which census level variables on mortality, population density and socioeconomic characteristics are available. For town planning purposes, the whole territory of Hong Kong is divided into 289 TPUs by the Planning Department of the Government of the Hong Kong Special Administrative Region. As there were three boundary changes between the 2006 by-census and the 2011 census 6 of these TPUs, 3 pairs were merged with adjacent TPUs to maintain consistency.
Population Data
We obtained population data by TPU, Gender, and 5-year age group ( 20-24, 25-29, 30-34, 35- 15 years of age with a tertiary education, percentage over 15 with a primary education or less, median household income, and percentage working in professional or managerial occupations. Population density was calculated as the total population divided by the area of each TPU (km 2 ). These variables were taken from the 2006 by-census. Age, in 5-year groups (0-4, . . . , 85+) and gender were controlled in the analysis.
Health Data
In Hong Kong, all deaths are registered in the regional vital registration system. The vital registration system covers the entire population in Hong Kong, and death registration is a legal requirement before burial or cremation. Mortality data for every registered death during the period of 2006-2011 from the Hong Kong Census and Statistics Department was obtained. The individual-level mortality data included the age, gender, occupation (most are retired), date of death, International Classification of Diseases (ICD)-10 code, marital status, TPU of residence at death, and country of birth of decedents.
Outcomes extracted from this data included counts of all (non-accidental) mortality (ICD-10: letters A-R), and cause-specific mortality due to lung cancer (C34.0-C34.9), chronic lower respiratory diseases (J40-J47), cardiovascular diseases (I00-I09, I10-I13, I20-I51, I60-I69), and diabetes mellitus (E10.9, E11.9-E14.9), stratified by age, gender, and TPU of residence, for decedents greater than or equal to 20 years of age at death.
Green Space Coverage Data
We chose to use the Normalized Difference Vegetation Indicator (NDVI) [22] to measure green space coverage. We obtained the NDVI for the year 2006 from a Landsat satellite image taken on 4 December 2006, at 30 m resolution. As most of vegetation in Hong Kong is evergreen, the NDVI is not expected to vary much seasonally. The NDVI is a simple numeric indicator derived from a ratio of the visible wavebands to assess the amount and density of green vegetation within the target area being observed. The 'mean' value is the spatial averaged NDVI for each TPU. The following are the threshold values of NDVI from the Hong Kong Planning Department [23]: NDVI < −0.1: urban/bare soil NDVI > −0.1: vegetation NDVI > 0.6: tree −0.1 < NDVI < 0.6: grass. Since green space coverage has not changed dramatically in Hong Kong in recent years, we assumed that the NDVI index remained constant during that study period. The map below shows the distribution of green space coverage in Hong Kong (see Figure 1 ). The mean NDVI was calculated at the TPU-level using ArcGIS software. For grid cells that overlapped, more than one TPU weighted averaging was performed using the Mosaic function in ArcGIS. Although some individual grids had NDVI values as high as 1.0, the maximum average value for an individual TPU was 0.57, as all TPUs had some non-green areas.
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Data Analysis
The Statistical Analysis System (SAS) software version 9.3 [24] was used for data analysis. Since the outcomes were count variables showing over dispersion (variance > mean), negative binomial regression models were used to examine the association between area level predictors and mortality using proc genmod in SAS. Generalized Estimating Equations were used to account for the correlations with TPUs. Those that resulted in the minimum quasi-likelihood under the independence criterion were chosen as working correlation structures for each model [25] . For each outcome, models were fit adjusted for the confounding effects of age and gender with TPU level variables included one at a time (model 1), then with all TPU level variables included in the same model (model 2). The models used a log link, with log (population) on the right side of the equation as the offset term. Females and age group 85+ were the reference groups for gender and age, respectively, while TPU level characteristics were entered into the models as continuous variables. The model equation is as follows:
where i = 1, . . . , 17 indexes age group, j = M,F indexes gender, k indexes tertiary planning unit, and Σ represents summation of the 17 age groups. Stratified analyses were also performed with separate models fit for mortality for each gender, age groups classified as <75 years old or ≥75, and for TPUs stratified by median household income and median population density.
Results
During the period from 2006 to 2011, there were 238,441 total deaths from natural causes among Hong Kongers 20 years of age or older. Some cases (about 2.4%) were lacking in information about TPU, and were dropped, leaving 236,734 deaths from natural causes, 58,854 deaths from cardiovascular diseases, 2964 deaths from diabetes, 21,422 deaths from lung cancer, and 11,744 deaths from chronic respiratory diseases for analysis. The mean (SD) and median (Interquartile Range), 5th and 95th percentiles for NDVI values across TPUs were 0.04 (0.26), 0.02 (−0.19, 0.25), −0.31, and 0.50, respectively. TPU level NDVI had a strong negative association with population density (r = −0.65, p < 0.0001), a weak positive association with median household income (r = 0.17, p < 0.0001), and correlations near 0 with the other TPU level variables. All SES-related variables were highly correlated with absolute values of r ranging between 0.78 and 0.93. Basic descriptive statistics for TPU level variables are shown in Table 1 . The median, interquartile range, and range of mean daily temperatures during the study period were 24.5 • C, 19.3-27.8 • C, and 8.8-31.2 • C, respectively, and were 28.8 • C, 28.6-29.6 • C, and 21.7-31.2 • C, during the hot season (June-September). There were 8 heat waves, defined as 3 or more consecutive days with mean temperatures > hot season 90th percentile (30 • C) during the study period, but none lasted longer than 5 days. The results for Model 1, controlling for age and gender, and Model 2 additionally controlling for all TPU-level variables, are shown in Table 2 . The results for model 1 indicate that greater green space coverage was significantly associated with lower mortality from cardiovascular diseases (p = 0.012), and diabetes (p = 0.0016), and non-significantly associated with lower respiratory and all natural causes mortality, but had no association with lung cancer mortality. The other TPU level variables were significantly associated with most other outcomes, with lower percent of adults with tertiary education, lower median income, higher population density, a lower percentage of adults in management level positions, and a higher percentage with only kindergarten or primary education being associated with higher mortality. After entering all TPU level variables in the same models (model 2), living in a TPU with more green space coverage was significantly associated with lower CVD, and diabetes mortality, and marginally significantly associated with chronic respiratory mortality. Among the other TPU level variables only lower percentage of adults with a tertiary education was consistently associated with higher mortality for all types when including all TPU level variables in the model. Table 3 shows the relative risks for mortality for a 0.44 unit increase in NDVI from models controlling for all TPU level variable stratified by gender. The results show that the protective association between NDVI was considerably stronger for males than for females for all-natural and CVD mortality, and slightly stronger for diabetes and chronic respiratory mortality. Table 4 shows the results stratified by TPU level median household income, split at the median of this variable. The results show that the negative association between NDVI and mortality was stronger for those living in TPUs with lower median household income for CVD, diabetes, chronic respiratory disease, and all natural cause mortality. Analysis stratified by population density (Table 5 ) indicated that the negative associations between NDVI and mortality were generally stronger for those living in higher density areas, although this difference was only statistically significant for diabetes mortality. Results stratified by age group indicated very little difference between effect estimates for deaths among those < 75 vs. those ≥ 75, except for deaths from DM, for which the RR (95% CI) for the younger group was 0.61 (0.51, 0.74) vs. 0.78 (0.67, 0.90) for the older group (p < 75 vs. ≥ 75 = 0.044). In general, the associations between mortality and the other TPU level variables in the stratified analyses were similar to those in the overall analysis.
Discussion
Our study found that greater area-level green space was associated with lower mortality from cardiovascular disease, diabetes, and chronic respiratory disease, but not with lung cancer mortality. Our results are consistent with studies from the UK [4, 15] , which found negative associations between green space and mortality for all-cause, cardiovascular, and respiratory mortality, but not lung cancer mortality, but not with a study from New Zealand [16] , which found no association between green space and mortality from either cardiovascular diseases or lung cancer.
When comparing our results to those from other countries, it is important to note that the urban environment in Hong Kong is quite different from those of cities in western countries. For instance, although the population density in Hong Kong overall, 6480 per square km [26] , is not that much higher than London's density of 5510 per square km [27], London's most densely populated borough, Islington, has a population density of 15,118 [27] , less than a third of that of Hong Kong's densest district, Kwun Tong, with a population density of 53,110 [26] . Suburban 'New Towns' in Hong Kong usually consist of high-rise apartment buildings, and look more like urban areas in western countries, while rural 'villages' generally have houses quite close to one another and look suburban, although they are often surrounded by forests.
Several mechanisms by which green space might reduce mortality from certain diseases have been proposed, including promotion of physical activity, stress reduction, and increasing social contact [15, 16] . Prior studies have provided evidence that more physical activity is associated with lower cardiovascular and respiratory mortality [15] and that stress may exacerbate, and social support ameliorate, cardiovascular diseases [15] . Another mechanism by which green space might reduce mortality is through mitigation of urban heat islands [28] . Our previous study found that increases in mortality during periods of extreme hot weather in Hong Kong were greater in areas of the city with high urban heat island intensity [26] .
We also found that the negative green space mortality associations were generally stronger for males than for females, for those living in low SES areas relative to those in high SES areas, and for those living in areas with higher population density. Our findings regarding gender differences in the association between cardiovascular mortality and green space are partially in agreement with a study from the U.K. [15] , although their study found no association for females, whereas our study found a weaker and non-significant association for females. The U.K. study [15] also found a stronger negative association between respiratory disease mortality and green space for males than for females, which is similar to our study finding. The authors of the U.K. study suggest possible explanations for a weaker association for women, including the possibility that women are less likely to engage in vigorous physical activity while in public parks, and that greater concerns about personal safety may limit women's use of local green space [15] . These issues may also be responsible for the weaker associations we observe for women's cardiovascular and diabetes mortality. A recent study examining the association between perceived neighborhood environment and physical activity in 11 countries, including Hong Kong, found that higher perceived safety was associated with more physical activity for women, but no association was found for men [29] . This result was consistent across all study locations, including Hong Kong (personal communication Professor Ester Cerin, 2015). Another possible explanation for the observed gender difference is that males may spend more time outdoors than females for occupational reasons, either because they work outdoors near where they live, or they spend time exposed to outdoor conditions in their TPUs when they commute to work.
Our finding of a stronger negative association between green space and mortality from cardiovascular diseases for those living in areas with median household income below the median is also consistent with a study from the U.K. [4] . Although they examined this effect modification in a different way, by looking at the association between income deprivation and mortality stratified by green space, their finding of a weaker income deprivation-mortality gradient in areas with more green space [4] implies a stronger green space mortality association in areas with more income deprivation. In Hong Kong, those with lower incomes are less likely to be able to afford gym memberships, and are less likely to have access to automobiles that would allow them easier access to green spaces further from their places of residence. Thus, they may rely more on local green spaces as areas in which to engage in physical activity. In addition, those with lower income are less able to afford to own air-conditioners, or the electricity needed to run them regularly. Thus the protective effects of green space in reducing urban heat island effects may be more important in poorer neighborhoods. We also note that the observed differences in the green space mortality associations between males and females, and between those living in high-vs. low-SES TPUs were not statistically significant at the conventional α = 0.05 level; therefore, we cannot rule out the possibility that these differences represent random error. Our finding of a generally stronger association between green space and mortality for those living in areas with higher population density is not surprising, as the beneficial effects of green space including exercise opportunities, pollution and urban heat island reduction, and stress relief, may be more needed among people living in more urbanized settings.
We found that green space had a particularly strong association with diabetes mortality. This could result from a lower prevalence of diabetes in areas with more green space, or lower mortality among diabetics living in these areas, or both. Either way, our result implies that the potential protective effects of green space are stronger for diabetes mortality than for the other causes we considered. One possible explanation is that the mechanisms through which green space affects mortality might be relatively more important for diabetes as compared to other causes of death. A recent meta-analysis examining the effect of physical inactivity on the burden of non-communicable diseases worldwide estimated that the unadjusted population attributable fraction (PAF) from physical inactivity was higher for diabetes mortality than for all-cause for mortality, coronary heart disease (CHD) mortality and mortality from breast or colon cancer [30] . While the adjusted PAF for diabetes was only higher than that for CHD, the authors point out that some of the adjusted confounders, such as overweight and hypertension, can be exacerbated by physical inactivity, and hence the adjusted estimates may be over-adjusting [30] . Diabetics may also be particularly sensitive to the adverse health effects of hot weather. Studies have shown that circulation to the skin [31] and sweating response [32] are impaired in diabetics, and hospital admissions among diabetics have been found to be more sensitive to heat wave effects [33] .
Our study has some limitations. We do not have individual data on socioeconomic status, and thus this variable could only be adjusted using TPU level SES indicators. In addition, we were unable to adjust for behavioral factors related to mortality, including smoking, at either the individual or TPU level. As smoking is by far the most important risk factor for lung cancer, if smoking prevalence was higher in areas with less green space, we would expect to have seen a protective association between green space and lung cancer. The fact that no such association was found suggests that TPU level differences in smoking prevalence are very unlikely to have confounded our results. We also note that lower individual socioeconomic status has been found to be associated with lung cancer incidence in Hong Kong after controlling for smoking status [34] ; thus, residual confounding from individual level SES would be expected to have an effect on the lung cancer results as well. However, we cannot definitively rule out residual confounding from other behavioral or SES-related mortality risk factors with this study. A further limitation is that the TPU level green space may not accurately represent the accessibility of green space for individual residents of a particular TPU. Although TPUs are geographically small, an individual living on the border of a TPU with little green space might easily be able to access green space in a neighboring TPU. Likewise, green space in a resident's own TPU might be difficult to access due to geographical distance or physical barriers. In addition, as TPU of residence at the time of death was used, some people may have only moved to that particular TPU shortly before dying. Such misclassification, though, is likely to be random, and thus would be more likely to bias estimates towards the null. Additionally, some subjects may spend considerable time outside their TPU of residence, and this would likely be more of an issue for males and younger subjects who would be more likely to be employed. However, we also note that about 90% of deaths from natural causes during the study period were among people classified as 'economically inactive'. Our study also has its own strengths. First, we had a large database which included nearly all deaths in Hong Kong from 2006 to 2011, and data on green space and other area level predictors for 199 TPUs. Thus we had good power to detect associations between green space coverage and mortality. Secondly, NDVI, which was used in the study to measure the green space coverage, has been found to be a valid and useful measure of green space coverage for epidemiologic studies [35] . While NDVI does have some limitations [36] , the spatial distribution of NDVI in Hong Kong generally agreed quite well with land use data with densely populated and built up areas of Kowloon and northern Hong Kong Island having the lowest values, rural areas and country parks having the highest values, and suburban 'new towns' in between.
Conclusions
In conclusion, our study found that greater area-level green space had a significant protective association with mortality from cardiovascular diseases and diabetes. A protective association with chronic respiratory mortality was not significant, but close to it. We also found that these associations were stronger for males and those living in areas with below-average median household income. Greater provision of green space appears to have the potential to reduce mortality in densely populated sub-tropical Asian cities, and might also reduce SES-related mortality disparities. These findings should be considered by policy makers involved in urban planning. For example, recently, the Civil Engineering and Development Department of the Hong Kong SAR Government has developed the Greening Master Plans (GMPs) for all Hong Kong districts, and has started to plant more greeneries, especially in dense downtown areas. Our study results can provide scientific understanding about the greenery's impact, which can be adopted and implemented in the GMPs to identify locations at district level where greenery can have the greatest public health point impact.
